Spinal cord injured (SCI) individuals most often contract their injury at a young age and are deemed to a life of more or less physical inactivity. In addition to the primary implications of the SCI, severe SCI individuals are stigmatized by conditions related to their physically inactive lifestyle. It is unknown if these inactivity related conditions are potentially reversible and the aim of the present study was, therefore, to examine the eect of exercise on SCI individuals. Ten such individuals (six with tetraplegia and four with paraplegia; age 27 ± 45 years; time since injury 3 ± 23 years) were exercise trained for 1 year using an electrically induced computerized feedback controlled cycle ergometer. They trained for up to three times a week (mean 2.3 times), 30 min on each occasion. The gluteal, hamstring and quadriceps muscles were stimulated via electrodes placed on the skin over their motor points. During the ®rst training bouts, a substantial variation in performance was seen between the subjects. A majority of them were capable of performing 30 min of exercise in the ®rst bout; however, two individuals were only able to perform a few minutes of exercise. After training for 1 year all of the subjects were able to perform 30 min of continuous training and the work output had increased from 4+1 (mean+SE) to 17+2 Kilo Joules per training bout (P50.05). The maximal oxygen uptake during electrically induced exercise increased from 1.20+0.08 litres per minute measured after a few weeks habituation to the exercise to 1.43+0.09 litres per minute after training for 1 year (P50.05).
Introduction
Spinal cord injury (SCI) is a catastrophic event. It often occurs within seconds and causes the most drastic changes for an individual regarding physical status and lifestyle for the individuals remaining lifetime. These changes include impaired or abolished motor control and sensibility below the level of the lesion, loss of normal bladder and bowel function, disturbed sexual function and impaired function of the sympathetic nervous system. Before World War II, 80% of people suering from SCI died within 1 year of the injury 1 and the main causes of death were pulmonary infections, infections in the urogenital system and septicaemia caused by infections from pressure sores. Since then the possibilities to treat these infections have increased and a general awareness and understanding of the multidisciplinary problems of the SCI person has emerged. In consequence, the lifespan has increased, but is presently still lower than the average life expectancy of able-bodied persons. 2 It must be noted that the majority of SCI happens in relatively young persons and therefore these individuals will live a major part of their lives after the injury. 2 ± 4 Generally, these individuals exhibit a substantial, if not total, loss of muscle control below the level of the spinal cord lesion and are therefore often unable to perform sucient voluntary exercise in order to maintain a good level of physical ®tness. In recent years there has been an increased awareness of the need for physical exercise in this population, since it has been demonstrated, that they suer more from inactivity related diseases than does the background population. 5 In the SCI population as well as in the able-bodied population one of the leading causes of death is cardiovascular disease. 6, 7 However, these diseases occur earlier in life in the SCI population than in the able-bodied. 6 It has, in fact, been shown that the major disability in SCI individuals, next to the spinal cord injury itself, originates from diseases of the cardiovascular system. 6 There is strong indirect evidence that the enhanced occurrence of cardiovascular disease in SCI individuals is related to reduced physical activity during daily living. 8, 9 With this background, we found it important to investigate the reversibility with training of inactivity related changes in muscle and in maximal cardiopulmonary activation in individuals with SCI.
Materials and methods

Subjects
The study was approved by the Regional Ethics Committee of Copenhagen and Frederiksberg Municipalities. Ten SCI subjects were enrolled after oral and written information and they all signed an informed consent form. Prior to the study, none of the subjects had any experience with regular training using electrical stimulation. All were neurologically stable and there was a term of at least 2 years after the injury when entering the study. They all had a traumatic SCI, seven resulting from trac accidents, two due to accidents during sporting activities and one from shallow water diving. Eight males and two females were included and the average age was 35.3 (range 27 ± 45) years when entering the program. Time since injury was 12.5 (range 3 ± 23) years. Six had tetraplegia with the level of injury at C6 and the remaining had paraplegia, with the injury level at T4 (Table 1 ). The subjects re¯ected the distribution of gender and the level of the neurological lesion in the Danish spinal cord injured population. 3 The two females were paraplegic. All of the subjects had no motor control of their lower extremities and all had complete sensory denervation except for one patient who had some skin sensation in the left gluteal region. Spasms were occasionally experienced by all of the subjects. No subject had diseases or disabilities other than the SCI and only one patient was periodically medicated with Ephedrine because of hypotension. No drugs were allowed on training days when special measurements or evaluations were performed as described below.
Training equipment
For training of the SCI subjects, a computer-controlled FES exercise ergometer (REGYS I Clinical Rehabilitation System, Therapeutic Alliances Inc., Ohio, USA) was used. This system has been described elsewhere, 10 ± 12 and only the following adjustments were made.
To avoid repetitive use of tape and plaster on the skin (Figure 1a ), a pair of elastic biking tights was made for each individual. Pockets for the wires were sewn into the tights for each electrode (Figure 1b) . When the subjects put on the tights at home, only the electrodes required to be placed prior to each training session.
To prevent upper body movements as much as possible and to give the subjects the best possible support of the upper body, we designed a handlebar for the subjects to lean on during the biking exercise. The handlebar consisted of a horizontal bar with a triathlon handlebar mounted on top. The subjects could then be supported and rest on the handlebar when leaning forwards. The handlebar could be moved forwards whilst the subject went in or out of the chair and moved back during exercise. It gave the needed support to all subjects and avoided the need for an uncomfortable belt around the chest. 1  2  3  4  5  6  7  8  9  1  0   M  M  M  M  M  M  F  F  M  M   4  4  4  1  3  1  2  7  3  5  4  5  2  7  4  2  2  7  3  4   T  4  C  6  C  6  C  6  C  6  T  4  T  4  T  4  C  6  C  6   1  9  2  0  7  3  8  1  1  1  4  2  3  1  3  1 1
Training protocol
Each subject was scheduled to engage in one bout of exercise three times a week for 1 year. At most, a vacation for 3 consecutive weeks was allowed to make the training period as continuous as possible. All measurements in the training period were made after a period of at least 2 weeks of regular exercise with 3 attended sessions per week and more than 1 month after vacation periods. When the subjects were able to perform 30 min of continuous exercise in one bout, load was added progressively to the¯y-wheel of the ergometer in order to make the exercise as intense as possible. Load was added from 1/8 kp up to 7/8 kp as maximum. There was no rigid rule on progression. The highest possible resistance compatible with pedalling frequency of 50 revolutions per minute was added. Resistance was again reduced when the pedalling speed dropped below 50 revolutions per minute with maximal stimulation. The training outcome, ie the work intensity (in Watts) and the time cycled at the dierent levels of loading, were noted for each session and the total power output per session was calculated (in KJoules).
Measurement of maximal oxygen uptake (VO 2 -max)
When the subjects were accustomed to the exercise and able to perform more than 5 min of continuous exercise, the ®rst measurement of VO 2 -max was performed. The load on the ergometer was increased gradually, according to knowledge of the performance of each individual subject, until fatigue occurred. The total time of the test was kept within 10 min. The subjects tolerated increases in load dierently, some attained the highest work output when a rapid load increase was applied whereas others needed very slow increases in order to attain their maximum performance before fatigue occurred. VO 2 was continuously measured using an Ergo-Oxyscreen (Jaeger instruments) which had previously been tested to yield the same values as were obtained by collecting expired air in Douglas bags and analysing them with oxygen and carbon dioxide gas metres. 13, 14 The highest measured oxygen uptake in a period of approximately 2 min on the highest possible workload was considered VO 2 -max. When fatigue was reached, no passive pedalling was performed in contrast to what was done in the normal exercise sessions. One and 3 min after termination of exercise, capillary blood was sampled from a ®ngertip and the blood lactate concentration was analysed using an Analox PLU 5 enzymatic analyser.
Thigh girth
Thigh girth was measured 10 and 20 cm above the upper patellar edge before the start of the training and every second month during the training period. The measurement was performed in the supine position and always prior to exercise to avoid the in¯uence of a possible exercise induced muscle swelling. The stimulation electrodes on the gluteal region and on the hamstrings. In the picture the electrodes were attached to the skin with tape. (b) However, to avoid the repeated use of tape on the skin, special cycle tights ®xing the electrodes were developed for training Muscle cross sectional area Before and after the period of 1 year of training, magnetic resonance imaging (MRI) was performed on the mid portion of the thigh. The magnet used was a 0.3 Tesla whole body magnet, and the images were kept on ®le until the end of the study for evaluation. The subjects were placed in the magnet and axial scout scans were performed from the knee to the pelvis in order to make the cross sections at exactly the same distance from the pubic bone at each scanning session. The scans were performed before the exercise to avoid acute eects of potential exercise induced muscle swelling.
At the end of the training period all the ®les were transformed from the optical disks (Fonar) and planimetry was performed using the NIH image system made and distributed by the National Institute of Health, USA. The cross sectional areas of the leg, the muscle tissue and the bone at mid thigh level were measured from the scans.
Muscle biopsies
Needle biopsies (150 ± 200 mg) were taken from the middle portion of the vastus lateralis muscle. 16 Local anaesthetics (2 ml lidocain, 1%) were administered subcutaneously prior to incision of the skin to avoid local acute reactions which could generate spasms during the procedure. The biopsy was divided in two portions. One portion was frozen immediately in liquid nitrogen for myosin heavy chain (MHC) analysis and for quanti®cation of citrate synthase. The other part was mounted in Tissue-TEK, (Miles Inc., Elkhart, IN, USA) and frozen rapidly in isopentane, cooled to the temperature of liquid nitrogen for histological analysis. The samples were stored at 7808C until analyzed.
Muscular microstructure
Serial sections (10 mm) were cut at 7208C in a cryostat, mounted on glass slides and subsequently stained according to the procedure described by Brooke and Kaiser. 17 Sections were visualized and analyzed on a computer system (Tema 95, Scanbeam a/s, Hadsund, Denmark) using software designed to calculate the ®bre areas. Fibres smaller than 200 mm 2 were not counted and were only present in a small number. The number of these small ®bres varied between subjects and between biopsies from the same subject at dierent time points.
Fibre types, myosin heavy chain (MHC) analysis on homogenates Gel-electrophoresis of muscle homogenates was used to dierentiate between MHC isoforms. Twenty slices of 10 mm were cut from the Tissue-TEK embedded biopsy and then denaturated by heating in a solution containing mercaptoethanol and sodium dodecyl sulphate (SDS) for 10 min. 18 The homogenates were loaded on SDS ± PAGE (sodium dodecyl sulphate poly acryl amide gel electrophoresis) gels containing 37.5% glycerol and 6% polyacrylamide. Electrophoresis was performed for 18 ± 20 h at 70 V followed by 3 ± 5 h at 200 V. 19 The gels were subsequently silver-stained (Gelcode color silver stain, Pierce). The relative proportions of the three distinct bands (MHC I, IIA and IIB) were analyzed on a computer-integrated densitometer (Cream 1-D, Kem-En-Tec Aps, Copenhagen, Denmark). The test-retest error on the densitometer was less than 5%, when gels were analyzed 5 times.
Activity of citrate synthase A part of the muscle biopsy frozen in liquid nitrogen was freeze dried, and connective tissue and fat tissue were removed under a stereo microscope. The activity of citrate synthase in these samples was measured urometrically as described elsewhere. 20 
Statistics
Wilcoxon's non-parametric signed rank test was used for statistical comparison of values before and after training, unless otherwise stated. P values less than 0.05 in two-tailed testing were considered signi®cant for all measured parameters.
Results and discussion
Exercise tolerance
The participants in the study exhibited various degrees of exhaustion during the ®rst bouts of exercise. All subjects stated that the ®rst exercise was odd and compared the feeling of physical exhaustion after the exercise to the feeling they remembered from the time before their injury. They felt that the abnormal movements of their legs was strange, but none felt discomfort. Half of the subjects felt the urge to move the upper body synchronously during exercise while the other half enjoyed the movements of their legs and did not move their upper body at all. In three of the subjects post exercise hypotension was a problem after the ®rst exercise bouts and they had to rest in the supine position in the chair for some minutes before they could tolerate movement back into their wheel chair. These subjects were often suering from dizziness due to hypotension after moving from the supine to the sitting position, most pronounced in the morning. After the ®rst 10 exercise bouts, they somehow adapted to the exercise and problems thereafter rarely occurred. Due to the potential occurrence of autonomic dysre¯exia, the ®rst exercise bouts were closely supervised by the medical sta. However, there were no instances of autonomic dysre¯exia in any of the patients, neither during regular exercise nor during experimental procedures and to our knowledge there have been no reports of autonomic dysre¯exia due to this kind of cycle exercise. As described earlier, the maximal current of the stimulation was preset to 130 mA to protect the tissue under the stimulation electrodes. This limit is likely to be far below the threshold of skin burns, since muscle stimulation with 300 mA has been given in one study with no harmful eects. 21 Due to the lack of sensibility in the legs of the subjects, injuries due to overloading caused by high training progression are a potential risk, particularly in the ®rst period of the training, since prior to training the only movement of their legs had (for years) been passive or caused by spasms. We only experienced one complication, in subject no. 7, who had a small haematoma in the medial portion of the quadriceps muscle, apparently due to a ®brillar tear after 15 min of exercise in her second exercise bout. She was treated with 1 week of rest and ultrasound every second day for 2 weeks and had no symptoms thereafter.
Accomplished training sessions
The average number of accomplished training sessions in the 1 year period was 2.3 times per week. The subjects were all scheduled for three times of training each week, but vacations, illness and practical problems (eg transport problems or cancellations of domestic caretaking for tetraplegic individuals) naturally gave rise to cancellations within this long period of training. However, an attendance frequency of more than 75% is very satisfactory and higher than what is typically seen in training programmes for patients less handicapped than SCI individuals.
Other investigators have reported the accomplished number of training sessions to be 2.7 per week out of a maximum of 3. Furthermore, in these studies the subjects were followed for only 12 to 16 weeks. 22, 23 However, in another study using three weekly scheduled sessions for a total of 78 training sessions, the average number of sessions attended was found to be 46, corresponding to only 1.8 times per week and thereby markedly lower than in the present study. 24 No previous reports that we are aware of have been provided on training within SCI individuals for a period for as long as a year. In ablebodied elderly women the same rate of completed exercise bouts as in our study was seen in a longterm training study, in which a total of 79% of the exercise sessions (among those who completed the study) were accomplished in a 52 week study with high and low intensity training. 25 
Progression in training duration
In the ®rst training sessions a vast variability in exercise endurance was found. Two subjects (no. 1 and 2) could perform pedalling for less than 1 min and were therefore allowed ®ve stimulation bouts in each session, making the total exercise time only around 3 min in the ®rst sessions. In contrast, four subjects (no. 3,4,5 and 7) were able to pedal the ergometer continuously for 30 min in the ®rst session. Most subjects were able to pedal continuously for 30 min within the ®rst 3 weeks of training and after 3 weeks of cycling all but two individuals performed 30 min of cycling in one bout. The last two subjects (no. 1 and 2) did not adapt as quickly. For the subjects who were capable of exercise for only a few minutes each time, very little progression was observed over ®ve to 10 training bouts. However, since only anecdotal information and no scienti®c data existed regarding any late adaptation in exercise performance, the training was continued ( Figure 2 ). One subject (no. 1) had slow progress in exercise time, until he could perform 10 ± 15 min of exercise. Then he showed a rapid increase in exercise time, until he could perform 30 min of exercise after 14 weeks and after 18 weeks he could exercise against external resistance. The other subject (no.2) was only able to perform 12 ± 17 min over the ®ve bouts of exercise in each session for more than 6 months. But rather suddenly, after more than 10 months, he rapidly increased his training time and reached 30 min within the next 4 weeks of training. He remained able to pedal 30 min continuously for the rest of the period. However, only very little external resistance was tolerated.
Since the two slower adapting subjects were as much as 19 and 20 years beyond their injury, it could not be ruled out that an extremely long time of inactivity could be the cause of their slower adaptation to exercise training. However, the number of observations is small and arguing against this mechanism, another subject (no. 8) with even longer duration of injury was able to perform 30 min of exercise in the ®rst training bout. Furthermore, in the present study no correlation between adaptation time and age or gender could be established and no direct Figure 2 Progression in training time for the two individuals who were slowest to adapt during the 52 weeks of training. All other subjects were able to perform 30 min of continuous exercise within the ®rst 3 weeks of training (not shown) explanation for the slow adaptors could be given from anamnestic information. It is of particular interest that their sudden abrupt increase after months of training could not be explained by any external cause. Of note is the fact that among all subjects studied, these two individuals had the most pronounced muscle atrophy as judged from histological sections (see muscle adaptation). This could, in part, explain their poor initial performance. Since the optimal stimulation frequency was variable from one individual to another (unpublished results) and from one muscle to another, another explanation could be that the optimal frequency for these slowly adapting subjects diered much from the frequency used in the study. In consequence, the two subjects might require a more profound adaptation (eg changes in ®bre types) before exercise performance could be increased. Other investigators have not given detailed information as to the progression of the training until the subjects could exercise 30 min. 22, 23, 26 One study, involving subjects with similar age and time since injury as in the present study, reported the mean time before the subjects could perform 30 min of cycling to be 3 months, ranging from 1 to 4 months. 26 This corresponds with the results from the present study.
In many FES cycle training studies, training has been initiated with a period of knee extension training, where only the quadriceps muscle was stimulated and exercised against increasing loads. This strength training was carried out for up to 12 weeks before cycle ergometry was initiated. 23,24,26 ± 29 The intention was to habituate the subjects to the electrically induced exercise and adapt the muscles to contractions by increasing strength and endurance. In contrast to the experience in the present study, Goss et al 24 reported the knee extension exercise to be necessary, as the SCI individuals had minimal lower extremity strength and were unable to cycle at the onset of their study. Petrofsky et al 29 reported that the average cycle endurance was only 8.3 min in the ®rst cycle session with an external resistance of 0 Kp, despite the fact that the muscles had been pretrained by weightlifting for 4 to 6 weeks. Since most of the previous studies did not report major bene®cial eects from the legextension exercise that could be transferred to the cycle exercise and since all the subjects in our study were able to perform some cycle exercise from the beginning, speci®c knee extension exercises were not carried out. For the subjects, one of the advantages of the cycling exercise was the positive memory of this exercise pattern from their life before the injury. Furthermore, motivation was low in all subjects for leg-extension training. Finally, the intensive isolated quadriceps training in a totally untrained SCI individual could cause muscular imbalance over the involved joints and biomechanical imbalance might be a disadvantage when electrically induced cycling exercise should follow a period of quadriceps strength training.
Total work output
Load was tolerated in all subjects after a number of training sessions. The average tolerated load per session is given in Figure 3 . In the Figure, the average work output is calculated over 4 week periods. From an average of 3 kJ per week in the ®rst 4 week period the power output increased signi®cantly to 9 kJ in the following 4 week period (P50.05). Within 6 months of training, the power output increased to 15 kJ per session, then the increase in performance levelled o and very little changes occurred in the following 6 months. The peak power output achieved during the training period ranged from 4 kJ per session in the weakest subject (no. 2) to 50 kJ in the strongest (no. 5). The weakest subject was one of the before mentioned slow adapting subjects and the resistance he tolerated never exceeded 1/8 KP (6 W). In contrast, the strongest individual could tolerate 7/8 kp (42 W) for up to 7 min in each training bout before the resistance had to be decreased in order to keep the pedalling frequency at 50 revolutions per minute. This target frequency was kept in all subjects, although in some the frequency decreased to 45 revolutions per minute during short periods (few min) of the exercise, due to heavy relative loading. Despite the use of maximal resistance in all training bouts, only a few of the subjects increased their maximal capacity in the last half year of the training period. At the end of the 1 year period, one subject cycled most of the time at 0 W, three subjects at 6 W, three at 12 W and three at 18 W. The absence of increase in performed work output in the last 6 months of the training indicates that the subjects had achieved the maximum power output that was possible with the applied training regimen. A power output of zero watt may not accurately re¯ect the actual increase in metabolic rate above basal and has to be taken with some caution. As with any ergometer the inertia of the¯ywheel was not zero and particularly in this setup a substantial resistance arose from the cushion in the seat, because the subjects could not use a normal bicycle saddle, due to the need for additional support from a wider seat. This support imposed a non-speci®ed resistance from the repeated deformation of the cushion by the movements of the legs. In addition, the pattern of stimulation was far from physiological, because only few muscles were involved, because recruited ®bres always contracted tetanically, because active ®bres were stimulated throughout each contraction, and because the antagonist were within no control during the exercise. Eciency of electrically induced movements relative to that of voluntary exercise has been found to be 1 : 4, by use of epidural anaesthesia and electrically induced cycling in able-bodied subjects. 11 In line with these facts eciency of electrically induced exercise in SCI individuals (calculated to approximately 4%) is very low compared to that of voluntary exercise. 29 It follows that unloaded exercise with an ergometer power output of zero on the equipment we used should not necessarily be considered useless from a training perspective.
The increase in power output found in the present study corresponded to the increase observed in other studies. 23, 24, 26 Arnold et al 26 reported a resistance of 4/ 8 to 5/8 kp to be tolerated after 6 months of training, but the duration of the exercise at that resistance was not given and therefore the total work output in a training session could not be calculated. Goss et al 24 reported on ®ve persons exercising between 6 and 12 W after 6 months of training, but whether this was tolerated during all 30 min of the training was not noted. Hooker et al 23 gave information on the variation in power output after 36 sessions (12 weeks), one person cycling at 0 W, two at 6 W, six at 12 W, four at 18 W and one at 30 W. A similar variation was found in the present study after 6 months of training.
In two additional studies by Faghri et al 22,30 a higher increase in power output was reported compared to the present study, although it cannot be stated if this dierence is signi®cant. A power output of 15 W for 15 min (corresponding to a total of 17 kJ) was found after 36 sessions of training, even though the exercise time in each training bout was only 15 min. 22 The same group reported a power output of 17 W throughout 30 min (corresponding to a total of 31 kJ) after 12 weeks of training with three times 30 min per week. 22 The subject characteristics in the present study was dierent from those in the studies by Faghri 22, 30 who had a group of incompletely injured subjects with some remaining voluntary muscular function in their legs.
Noteworthy is the fact that none of the studies, including the present one, reported dierences in the increases of power output over time in tetraplegic subjects versus those with paraplegia. 22 ± 24,30 Hence, the bene®cial systemic eects from FES training are possibly more marked in tetraplegic subjects compared to those with paraplegia, because the latter can achieve greater bene®t with voluntary training of their upper body compared to those who are tetraplegic.
Changes in VO 2 -max
The ®rst measurement of peak oxygen uptake was performed when the subjects were habituated to the exercise and at least able to cycle continuously for 5 min. This value, obtained after 5.8+1.0 weeks (mean+SE, range 2 ± 8 weeks) of training and denoted the zero value, was 1.20+0.08 litres/min (mean+SE). After training for 6 months the oxygen uptake had increased to 1.41+0.10 litres/min and after 12 months to 1.43+0.09 litres/min (P50.05).
The highest value was obtained at dierent times in the various subjects and was for the whole group 1.48+0.10 litre/min. It appears in the Figure 4 as Max. The increase from the initial value to 6 months was 18%, whereas no further increase was seen from 6 to 12 months. The maximal increase was an average of 23% (P50.05).
In eight of the subjects included in the present study, the peak oxygen uptake during wheel chair exercise on a treadmill was 0.87+0.09 litre/min Figure 4 Maximal oxygen uptake. Measured after habituation to exercise (mean: 6 weeks), after 6 months and after 1 year of exercise. The highest values for the various subjects were not obtained at the same time points. This value is given as MAX in the ®gure. For comparison, the VO 2 max measured in eight of the ten subjects during wheelchair exercise on a treadmill is shown (Wheelchair). # indicates dierences from initial value, P50.05 (mean+SE) with no changes throughout the training period (personal communication, S Broberg and K Christophersen, Nat Soc of Polio and Accident Victims). This value was signi®cantly lower (P50.05) than all measurements during electrically induced cycling and corresponded to 70% of the oxygen uptake in the initial test and to 56% of the highest values found during electrically induced cycling.
No dierences were found in blood lactate values between one and 3 min after termination of an exercise test and no change was seen over the training period (9.0+1.2 and 11.8+0.9 mmol/l (mean+SE) before and after the training period, respectively). The respiratory exchange ratio (RER) measured at the end of each test ranged from 0.9 to 1.3 in the various subjects, but was most often below 1.0.
The endpoint of a test evaluating maximal aerobic power in able-bodied subjects is often perceived exhaustion and the result is considered to represent the individual's maximal aerobic power, if the peak lactate after the test is 8 mM or higher or if the RER is above 1.0. 31 In SCI subjects the perceived strenuousness during electrically induced exercise is unreliable in the test situation as a measure of exhaustion, since the subjects have no sensibility in the exercising muscles and because the continuation of the exercise depends on the stimulation and the peripheral condition of their muscles. The peak blood lactate concentration after the tests was higher than 8 mM. However, it has been shown that FES gives rise to higher increases in lactate than voluntary exercise in able-bodied individuals.
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In healthy subjects the cardiac pump capacity limits VO 2 -max. If a small muscle mass is used, the maximal cardiac pump activity cannot be reached. 31 Correspondingly, in SCI individuals the small muscle mass recruited by FES probably sets the limit for VO 2 -max. In other words, the VO 2 -max re¯ects the electrically activated muscle mass. Supporting this view an increase in VO 2 -max is seen when voluntary arm exercise is added to leg FES exercise in SCI individuals. 32 Also supporting the view that the amount of stimulated muscle is limiting the VO 2 -max in SCI individuals is a study in which a higher current (up to 300 mA) was used during cycle exercise. 21 A 34% higher VO 2 -max than during exercise with 130 mA was seen during cycle exercise with 300 mA. However, not all subjects could tolerate this high current, although no injuries were reported. It appears that the measured VO 2 -max values in the present study are likely to re¯ect the recruitable peripheral oxidative capacity and, accordingly the amount of stimulated muscle mass, which is rather small and with little endurance capacity, especially in the beginning of the study.
The results show an increase in maximal oxygen uptake from the initial value to the value after 6 months, after which no further increase was seen (Figure 4 ). The duration of training was not increased during the period, but the intensity of the training was increased as much as tolerated throughout the period. The fact that a steady state level was attained in the last 6 months indicates that the amount of training performed has to be increased more than in the present study to gain further increase in peripheral oxidative capacity. Thus, the oxygen uptake we found will be the maximally obtainable when training is performed for 30 min for approximately three times per week and stimulation current is not increased beyond what we used. Another interpretation of the fact that the VO 2 -max plateaued during the last 6 months of training is that during this period the leg oxidative capacity exceeded the pumping capacity of the heart, which then became the limiting factor for the VO 2 -max, as in able-bodied subjects during bicycle exercise. 31 Abnormal nervous innervation of the heart during FES exercise might explain that any training eect in the heart would be modest compared to that of the recruited muscles.
Other studies have measured oxygen uptake in response to electrically stimulated exercise, but only a few have reported changes due to repeated exercise, ie training, most of them only applying a short training period of 12 weeks. 23, 24, 28, 32 Pollack et al 28 reported in 1989 a change in oxygen uptake in response to FES training from 0.53+0.07 to 1.04+0.13 litres/min (mean+SE). The training regimen consisted of 12 weeks of knee extension exercise, 12 weeks of cycle exercise without load added, followed by 12 weeks of cycle exercise with as much load added as the subjects tolerated. Even though the subjects characteristics were almost identical and the equipment used identical compared with the present study, the initial values in the study by Pollack et al were much lower than those noted in the present study. The measures made after the knee extension exercise and before the cycle training period were 0.65+0.11 litres/min. In response to the 24 weeks of cycling exercise the oxygen uptake increased to 1.04+0.13, an increase of 60%, still far above the increase of 18% in the present study. The very low initial values in the study of Pollack et al could be explained by the absence of habituation to the cycle exercise and thereby lower values were measured. Furthermore, the test for VO 2 -max measurement using 3 min steps and 1/8 kp increments could be inappropriate in the early tests when the subjects tolerated very little resistance and no steady state oxygen uptake was likely to be reached on the last step. An increment of 1/8 kp was for our subjects a large increase and the equipment allowed smaller increases, although such increments were not registered on the computer. Hooker et al 23 trained a group of 18 tetra-and paraplegics comparable to our group over 36 sessions and found an increase in oxygen uptake from 0.78+0.01 to 0.95+0.01 litre/min (mean+SE). The increment was 23% and accordingly similar to that seen in the present study after 6 months. The stress test protocol in the study by Hooker et al 23 consisted of 5 min exercise bouts with 5 min rests between and the load was increased by 1/8 kp after each rest period. Again, the stress test protocol could be responsible for the low initial values and hence for the large increase. Furthermore, it was not reported if a period of habituation had been allowed before the initial test. It should be noted that the initial VO 2 -max measurements in the present study were performed after nearly 6 weeks of training. The amount of training per week in the study of Hooker et al 23 was similar to that of the present one, but the subjects were only trained for 3 months. It is likely that the changes seen in the present study after 6 months could have been demonstrated at an earlier time point, a view supported by the fact that some subjects achieved their VO 2 -max within the ®rst 5 months. Goss et al 24 reported in 1992 an increase in oxygen uptake from 0.79+0.23 to 1.01+0.25 litre/min, an increase of 27%, after 6 months of training in ®ve subjects. The initial measurements were in that study carried out when the subjects were able to perform 5 min of continuous exercise. The relative increases were similar to the results obtained in the present study, but the absolute values were 50% lower than ours. In addition, Krauss et al 32 reported in 1993 very low absolute values, only 42% of the values in the present study. In comparison with both the present study and the study by Goss et al 24 they found a much larger relative increase from 0.51+0.05 to 0.83+0.06 litres/min that corresponded to 62%. In that study no habituation was allowed and the ®nal measurement after 6 weeks of exercise was done at almost the same time as the measurement in the present study (after 5.8 weeks). The lack of habituation could explain the dierences in relative increases between studies. Kraus et al 32 reported blood lactate values of 6.1+0.1 mmol/l (mean+SE) after the end of the exercise stress tests and found no changes during the period of training. This value is less than the 10.3+0.6 mmol/l found in the present study, but does still indicate a high relative intensity of exercise during the stress test.
The very low VO 2 -max values during wheelchair exercise found in the present study support data from other investigators 33 ± 36 and indicates that voluntary exercise with the upper body only allows for a small increase in VO 2 -max and probably is insucient to maintain a high level of ®tness in these individuals. Furthermore, the fact that considerably higher VO 2 can be achieved during FES cycle exercise than during maximum voluntary arm exercise supports the expectation that electrical muscle stimulation may represent a useful therapeutic modality preventing inactivity associated illnesses in SCI individuals.
To summarize the dierent increases in maximal oxygen uptake rates over time in the various studies reported, the values are given in Figure 5 . From the ®gure it is clear that the ®rst VO 2 -max measurement was made later during training in the present study than in other studies. The ®rst measurement was postponed to let the subjects adapt to the exercise and in order to secure measurements during exercise steady-state. In some of the studies with very low start values, these values could be due to lack of adaptation to the exercise and to test procedures used in the measurements of VO 2 -max. Furthermore, steady state was probably not reached during testing. 29, 32 None of the other studies mention the degree of voluntary upper body movement during the exercise stress test. Especially in paraplegics, some inevitable upper body movements took place during the stress tests also in the present study and such voluntary exercise will contribute to the measured VO 2 -max. However, these movements seem unavoidable during maximal eort and it is unlikely that VO 2 -max from all other reported studies only should represent FES exercise without any upper body movements. Furthermore, it should be noted that in the present study the tetraplegic individuals who performed almost no voluntary upper body exercise during the FES exercise had higher VO 2 -max values than did those who were paraplegic, indicating that upper body movements contribute only little to the overall VO 2 measured during FES induced leg exercise.
Finally, one other possible reason for the dierences in the reported VO 2 -max values could be a dierence between the selection of the subjects. The subjects in the present study were highly motivated and entered the study because of their own interest and may therefore not represent the general SCI population in Denmark.
Thigh girth
A small but signi®cant increase was seen in thigh circumference during the period of training. During the ®rst 6 months of training the increase of the thigh circumference 20 cm above the patella edge was 0.9+0.2 cm (mean+SE), P50.05 and after 12 months of training it was 1.8+0.3 cm (mean+SE), P50.05. This corresponded to increases of 3% and 5% respectively. No dierences in the body weight of the Figure 5 Maximal oxygen uptake found in dierent studies using training on the same equipment (REGYS ergometer) as in the present study subjects was observed before versus after the training period. Other investigators have reported an increase in circumference of the thigh after shorter periods of training. 10, 37 In one study an average increase of 5.3 centimetres was found after only 36 sessions of 15 min 10 and another study reported a 5% increase after 8 weeks with 3 times training per week. 37 However, a change in thigh circumference could also re¯ect an increase in the amount of fat tissue in the leg or a post exercise increase in muscle water, if the measurement was performed after exercise. 15 Measurement of changes in thigh girth does not reveal which tissues are changing in mass. An increase in muscle mass may even take place in the absence of any change in circumference if it is accompanied by a decrease in fat mass. The method is therefore of limited value and should not have too much emphasis. A more direct approach to evaluate the muscle volume is the use of CT or MR images of the thigh.
Muscle cross sectional area in the thigh Magnetic Resonance (MR) images were performed on nine patients. One paraplegic individual had an implanted anterior sacral root stimulator to control voiding of urine. Due to the presence of this device he could not enter the magnetic ®eld and for his own safety, he had a CT scan performed instead. The images were all produced at the same level of the thigh before and after the training period. Five cross sectional images were made and all images made before training were compared with images at the same level made after the training period ( Figure 6 ). A small increase in the thigh circumference measured by MRI of 5% was found (P50.05), corresponding to the small increase in the manually measured thigh circumference. No changes were noted in the cross sectional area of the femoral bone in response to training. The area of the subfacial soft tissue showed a signi®cant increase from 89.9+10.2 cm 2 (mean+SE) to 100.8+9.5, corresponding to a change of 12% (P50.05). From the images performed, it was not possible to de®ne borders of individual muscle groups in the thigh. Furthermore, the increase in estimated overall area of muscle may not accurately re¯ect changes in muscle ®bre mass as changes may take place in amount of interstitial tissue which are not accounted for (see below).
No earlier studies have reported the use of MR Imaging to evaluate muscle growth in SCI humans after training with FES cycling, but recent studies have used computer tomography (CT) to evaluate the increase in muscle area in the thigh after 3 months of FES training.
27,38 ± 41 After 3 months with the same amount of training as in the present study Sloan et al 40 found an increase of 9% in the quadriceps, whereas no change was seen in the hamstrings. Block et al 39 found a signi®cant increase in cross sectional area of the anterior muscle group of the thigh after 6 weeks of training whereas Bremner et al 41 found no change and explained this by a small sample size. Pacy et al used qualitative CT in the evaluation of muscle volume. 27 They studied four patients who exercised ®ve times 15 min per week for 10 weeks with electrically stimulated resistance training of the quadriceps followed by 32 weeks of electrically stimulated cycle training ®ve times 15 min per week. Assuming that the intensity of the scan within each pixel is directly related to the muscle to fat ratio they were able to take into account a possible change in the structure within the muscle. During the 32 weeks of electrically stimulated cycle exercise no increase in muscle mass was found, but a large increase was seen during the resistance training period before the cycle period. Furthermore, muscle content relative to fat content increased as a result of the training. The lack of increase in the cycle training period could be due to the fact that a large increase had already occurred during the preceding resistance training exercise. The ®nding of changed muscle composition 27 is in accordance with our biopsy ®nding of an increase in the relative amount of contractile proteins and a decrease in connective tissue and fat, see below. In support of an increase in muscle volume, Pacy et al also found an increase of 28% in rate of protein synthesis in the quadriceps muscle.
One other study has used MR Imaging to evaluate muscle growth in SCI humans. 42 In contrast to the present study, transcutaneous needle stimulation was used and no resistance was applied. The stimulation was more intensive than in the present study, ie up to 60 min, three times daily, for up to 6 months. The cross sectional areas were individually evaluated for each single muscle in the thigh. The increase in cross sectional area for the isolated muscles was much higher (increases from 20 to 100% in the biceps femoris muscle) than the increase in estimated total muscle cross sectional area in the thigh in the present Figure 6 Cross sectional magnetic resonance image (MR) of the thigh, before (left) and after (right) the training period in the same subject. In this subject, a change is evident, and the average muscle area increase in all subjects was 12% study. The dierence between studies may re¯ect that muscle growth was underestimated in the present study (see below) but may also be due to the longer stimulation duration used in the other study. In any case, it is interesting that contractions in spite of absence of added resistance, induced a substantial increase in muscle cross sectional area. 42 Muscular microstructure A great inter-individual variation was found in the microstructure of the muscle biopsies obtained in the SCI individuals before the training. The structure of the muscle showed to a variable degree atrophy of the ®bres, altered structure of the ®bres and large amounts of perimysial tissue (Figure 7) .
In the biopsies with the most abnormal appearance before training, the shape of the ®bres was mostly round and a varying number of very small cells (5200 mm 2 ) was seen. The perimysial tissue consists of loose connective tissue and adipose tissue. There may be a relationship between the duration of injury and the degree of abnormality in structure because the structure was most deteriorated in subject nos. 1 and 2, who were studied 19 and 20 years after their injury respectively. However, the structure was surprisingly normal in the subject with the longest lasting SCI (no. 8, 24 years). The fact that some SCI subjects have more frequent spasms in the paralysed muscles than others might explain dierences in muscle appearance between subjects. However, the quality and quantity of spasms during the day cannot be measured and subjective evaluation would not be accurate and was therefore not recorded in the present study.
A relationship between performance and muscle structure was present, since the two subjects (nos. 1 and 2) with the most deteriorated structure had the lowest performance level in the beginning of the study and the slowest increase in performance during the training period. In the subjects demonstrating the most abnormal appearance of the muscle tissue before the training, the biopsies taken after training were surprisingly normal. This indicates reversibility of the disuse changes, even after more than 20 years without normal function of the muscle (Figure 8) . No signi®cant changes in the ®bre areas were observed for any of the ®bre types separately or for all ®bres together. The average ®bre area was 2330+385 mm 2 , 2930+368 mm 2 and 2759+202 mm 2 (mean+SE) before training, after 6 months and after 12 months, respectively. Note, however, that ®bres with an area Figure 7 The structure of muscle tissue in the 10 SCI subjects before the training. ATPase stains of muscle sections after preincubation at pH 4.6, or in one case (bottom right) at pH 10.3. The sections illustrate the large variability in structure between the paralysed muscles of SCI individuals. The numbers given correspond to the numbers in Table 1 below 200 mm 2 were not taken into account because they could not with certainty be distinguished from artefacts. The fact that the number of such ®bres decreased markedly with training indicates that they may really be ®bres and that their size increased with training.
Few studies are available on the structure of muscle tissue in SCI humans and the descriptions reveal con¯icting results. Scelsi and coworkers 43 described marked ®bre atrophy with a decrease in ®bre diameter, accumulation of lipid and interstitial ®brosis and alterations in the microcirculation in patients less than two years after their SCI. This is in accordance with the ®ndings in some of our subjects. In contrast, Round and coworkers 44 described generally unremarkable Haematoxylin-Eosin stained sections, showing well-formed and regular muscle ®bres in seven males 1 to 9 years after SCI. This is in accordance with the ®ndings in several of our subjects. However, the ®bre size and amount of interstitial tissue was not speci®cally described. 44 In two other studies on muscle ®bre type changes no description of the microstructure in the biopsies was given but the photos of histological sections shown in the papers appeared almost normal. 45, 46 Greve et al 47 performed a study with 90 days of electrical stimulation and described biopsy data before and after the training. In four patients, 1 to 2 years after injury, they found atrophy of the ®bres with a subnormal ®bre diameter but the published photograph of the sections showed an almost normal structure with minor increases in the inter®brillar tissue content. The latter parameter was not described by the authors but can be evaluated from the illustrations presented in the paper. After the training period the inter®brillar tissue had disappeared. The accumulation of inter®brillar tissue demonstrated in muscle a few years after SCI 47 may represent an early stage of the derangement fully developed in some of our subjects with a long (more than 10 years) duration of injury. The large variation in time after injury could, to a large extent, explain the striking dierence in the histological muscle structure between our subjects before the training and also the dierences between the present and the above mentioned studies, which included only subjects with more recent SCI. (Figure 9 ). The traditional determination of muscle ®bre types based on histochemistry after preincubation at dierent pH could have disadvantages concerning accuracy of the results, especially in atrophied muscles with many small ®bres. The distribution of the dierent isoforms of MHC according to their electrophoretic mobility gives the quantitative relationship between the MHC isoforms more directly. Furthermore, this method gives the distribution of the contractile proteins in a muscle sample irrespectively of the size of the muscle cells. Thus, with this method the speci®c problems inherent in distinction between artefacts and atrophied ®bres before training can be avoided, since all contractile material will be measured, even the content in very small cells that Figure 8 The structure of the muscle tissue after training. Biopsies from subject no 2, 20 years post injury (left) and subject no 5, 8 years post injury (right). Note the normalization of the structure after the training in both subjects as compared to Figure 7 Figure 9 Distribution of myosin heavy chain (MHC) isoforms in homogenates of muscle biopsies from SCI subjects trained by FES cycling. Values are mean+SE and # indicates dierence from before training otherwise would not have been accounted for. The more atrophied the muscle the smaller would the agreement between MHC and histochemistry evaluation be expected to be. After SCI, changes due to disuse have been found in both animals and humans. Atrophy of all paralysed muscle ®bres and a conversion from slow to fast ®bre type have been demonstrated by histochemistry after cordotomy in rats. 48 Studies have indicated that a similar change takes place after SCI in humans. 43, 44, 46, 49 In subjects studied within the ®rst month after damage of the spinal cord an almost normal distribution of ®bres was found, whereas very high percentages of type IIB ®bres and low percentages of type I ®bres have been demonstrated in SCI subjects 9 ± 10 and 17 months, respectively after injury. 43, 49 It was suggested that the ®ndings might re¯ect a ®bre transformation from slow twitch type I to fast twitch type IIB in response to spasticity in the paralysed muscles. 49 In studies of SCI individuals after longer periods in the injured state, the percentage of type I ®bres was smallest in the individuals with the longest duration of injury, with a dominance of type IIB ®bres in subjects more than 2 years after SCI. 44, 46 The muscle ®bre type distribution in the muscles above the level of the spinal cord lesion (deltoid muscle in paraplegics) has been found to be normal even several years after injury. 46 However, only indirect evidence of ®bre type transformation after SCI exists, since no longitudinal studies have been performed in SCI humans.
The subjects in the present study were more than three years post injury, indicating that the initial changes suggested by the cross sectional studies should have taken place. 43, 44, 46, 49 The subjects in the present study were 12.5+2.0 years (mean+SE), range 3 ± 24 years after injury at the start of the exercise. Corresponding to previous ®ndings in SCI humans a high percentage of MHC isoform IIB and very little MHC isoform I in muscle were seen in our subjects before initiation of training.
The reversibility of the disuse changes in paralysed muscle by means of FES has previously been studied in humans. 12, 45, 47 In the ®rst ®ve of the subjects included in the present study we have previously reported a transformation of MHC in single ®bres. 12 The transformation from isoform IIB to isoform IIA was a continuous process throughout the full time of training ( Figure 10) . 12 In the single ®bres, the 12 months of FES training induced a switch from a mixed pool of ®bres expressing only MHC IIA, only IIB or co-expressing IIA and IIB to a uniform pool of ®bres expressing only MHC IIA. 12 In another study 24 weeks of 20 Hz stimulation (5 s on ± 5 s o) of tibialis anterior muscle in spinal cord injured subjects for up to 8 h a day increased the content of ®bres classi®ed as type I in the stimulated (25+10%) compared to the unstimulated (14+8%, range 1 ± 49%) tibialis muscle. 45 In contrast, no increase in type I was noted in a recent study using smaller amounts of stimulation, ie, two times 30 min of 20 ± 30 Hz stimulation (5 s on ± 10 s o) of the quadriceps muscle for 90 consecutive days (13 weeks). In that study only an increase in the percentage of type IIA ®bres was demonstrated. 47 Thus, in contrast to the mentioned ®ndings after prolonged stimulation at 20 Hz 45 stimulation at frequencies of 20 ± 30 Hz for only 1 h (real duration of stimulation, however, which was only one third of the time corresponding to 20 min per day during 13 weeks, did not increase the number of histochemically determined type I ®bres in humans. 47 These ®ndings suggest that the total number of impulses given may be important for the ®bre type transformation.
In addition, it cannot be ruled out that the ®bre type transformation in humans also depends on the stimulation frequency given to the muscle. The present ®ndings were comparable with ®ndings in the study described above by Greve et al 47 even though a lower number of electrical impulses per day was given in our study. The training was 30 min three times a week and the quadriceps was only stimulated one third of this time, resulting in only 10 min of stimulation at 30 Hz three times a week, corresponding to approximately 4 min per day.
The lower number of impulses administered per day in the present study compared to the previous human studies 45, 47 was, regarding total number of stimuli, not fully counterbalanced by the fact that electrical stimulation was repeated for a longer period of time (52 versus 24 45 and 13 47 weeks). Interestingly however, the time course presented in the current study shows that ®bre type conversion may continue throughout a whole year of intermittent stimulation.
The view that the overall number of electrical stimuli to the muscle is important for ®bre type adaptation is also supported by the ®nding that 10 Hz stimulation of the anterior tibialis muscle of SCI individuals for 72 min a day for only 4 weeks did not result in histochemically detectable changes in muscle ®bres. 50 However, as stated, it cannot be ruled out that in addition to the total number of impulses, the ®bre type transformation in humans is dependent on the stimulation frequency. This in¯uence of frequency on the ®bre type transformation is likely to be species-speci®c in animals, 51, 52 but evidence for the in¯uence of frequency seems to be limited in humans.
The view that resistance to fatigue may be improved by electrical stimulation is supported by interesting experiments in humans in which latissimus dorsi muscle was transposed and electrically paced to compensate for impaired cardiac performance. 53 It was found that the muscle was only able to retain shortening in a pulse synchronous manner after an adaptation period of 3 weeks. In these experiments ®bre type composition was not determined but it is likely that the ®bre types shifted towards more oxidative and less fatiguable ones. 54 Citrate synthase activity in muscle tissue The muscle citrate synthase (CS) activity was measured as an indicator of the capacity of mitochondrial oxidation (Krebs Cycle). The CS activity was determined in biopsies taken before and after 3 and 6 months and after 1 year of training. From a basic value of 12.3+1.4 mmol/kg d.w./min the activity increased after 3 months of training to 24.8+2.2 (P50.05), and remained unchanged (P40.05) at this level for the rest of the training period. The initial activity level was in the range of what has previously been reported in sedentary healthy man and the increase found was in accordance with previously reported data from studies on trained individuals. 55, 56 The adaptability of oxidative enzymes in response to training is local in nature 57 and in our study increases were observed in biopsies from stimulated muscles. In animals as well as in humans it has previously been shown that long term electrical stimulation increases CS activity. 55, 58 In able-bodied humans increases were only approximately 30% after 6 weeks of 8 Hz stimulation in quadriceps for 3 h per day. The increase in CS occurred in our study quite rapidly compared to other adaptations to exercise, corresponding to what is seen during training of extremely inactive bedridden able-bodied subjects. 59 Studies on electrically stimulated (10 Hz, 8 h/day) rat fast twitch muscle also showed a steep increase of 36% within the ®rst 10 to 20 days of stimulation but thereafter an increase of only 26% until day 30 to 40 where a plateau was reached. 60 This corresponded with the fact that a plateau was reached after 3 months in the present study.
It is interesting to note that for CS the adaptation was completed while conversion of ®bres from types thought to be predominantly glycolytic to types thought to be more oxidative was still proceeding (Figure 10 ). Furthermore, muscle oxidative capacity, as indicated by CS activity, increased to a greater extent than FES induced whole body maximum oxygen uptake (Figures 4 and 10 ). This ®nding agrees with studies exploiting the eect of endurance training and detraining in the healthy man. 59 From these studies it could be concluded that maximal oxygen uptake in healthy man is limited by cardiopulmonary capacity rather than by peripheral skeletal muscle oxidative capacity. In the present study muscle mass, as indicated by thigh circumference measurements, probably continued to increase after CS concentration had reached a plateau. However, the increase was not accompanied by an increase in maximum oxygen uptake during the last 6 months of training. So at the end of training cardiopulmonary capacity rather than muscle oxidative capacity probably limited performance in SCI subjects, as also demonstrated in able-bodied man.
Conclusions
The present study has shown that use of FES training in SCI subjects is possible for a period as long as 1 year without any physical drawbacks. This makes it most likely that FES training can be incorporated into the daily life of SCI individuals. The bene®ts of this training can thereby be sustained throughout the lifetime of the individuals.
The study has furthermore shown that electrically induced cycle training for 1 year can reverse several of the inactivity associated changes seen after SCI. The subjects increased their work performance more than sixfold measured as power output during the single exercise bout (Figure 10 ). An increase was seen very early in the training period (weeks) and power output levelled o after the ®rst 6 months of training ( Figure  10 ). The increase in power output was accompanied by an increase in maximal oxygen uptake of 23%, which also plateaued during the last 6 months of training ( Figure 10) .
Atrophy of the muscles in the lower extremities was evident in the subjects before training. Electrical stimulation increased the total amount as well as altered the characteristics of the muscle. After 1 year of training thigh muscle cross sectional area had Figure 10 Time course of adaptations seen over 12 months of FES training in SCI subjects. The ®gure of myosin heavy chains is adapted from ref 12 increased 12% and growth of stimulated muscle also appeared from the histological section of the muscles. The distribution of contractile protein (myosin heavy chain (MHC) isoforms) in the muscle was determined. Before training the majority of the MHC was isoform IIB ®bres as also found in other studies of SCI individuals years after injury, evaluated by histochemistry. A ®bre type transformation towards the more fatigue resistant MHC isoform IIA was seen over time with an almost total shift after 1 year (Figure 10 ). Before training only very little MHC isoform I was found and this did not increase in response to training. The lack of transformation to this ®bre type could be due to the stimulation parameters used, or to the fact that the overall number of stimuli or the work performed was too small to elicit such an adaptation. Little is known about which parameters (frequency or intensity of stimulation, number of stimuli or mechanical load) are responsible for the direction of the ®bre type transformation and further studies need to be done in that area.
Assuming a resting metabolic rate of 0.25 1/min for the rest of the body, maximal oxygen consumption in electrically stimulated muscle increased 29% during training. This increase was much smaller than the increase in muscle oxidative capacity as judged from changes in muscle mass, MHC isoforms and CS activity. It follows that the adaptations in muscle may well account for the training induced increase in maximal oxygen uptake and performance. These ®ndings indicate that at the end of training cardiopulmonary capacity rather than peripheral oxidative capacity limited oxygen uptake. This conclusion is supported by the fact that during the last 6 months of training maximal oxygen uptake was constant in the face of increasing muscle mass and ongoing type IIB to type IIA ®bre conversion 12 ( Figure 10 ). In healthy man increases in maximal oxygen uptake with training are due to increases in maximal cardiac output. 59 However, it seems likely that upon spinal cord injury overall oxidative capacity in paralysed muscle deteriorates relatively more than cardiopulmonary function and that, accordingly, maximum oxygen uptake can be improved by restoration of muscle. Furthermore, maximal heart rates obtained during exercise is approximately 120 beats per minute in tetraplegics and 150 in paraplegics and thus lower than seen in able-bodied subjects. This is compatible with the view that compared with endurance training in able-bodied subjects, FES cycle training of SCI subjects results in a relatively higher stimulus to adaptation in contracting muscle than in the heart. The fact that it seems possible to permanently incorporate regular FES training in the daily living of SCI subjects encourages further studies regarding the possible bene®ts associated with this treatment. It can be expected that other inactivity associated disorders (eg hyperlipidemia, osteoporosis, pulmonary infections, glucose intolerance and pressure sores) may be counteracted by FES training.
